Irreversible electroporation (IRE) is a new tissue ablation technique in which micro to millisecond electrical pulses are delivered to undesirable tissue to produce cell necrosis through irreversible cell membrane permeabilization. IRE affects only the cell membrane and no other structure in the tissue. The goal of the study is to test our IRE tissue ablation methodology in the pig liver, provide first experience results on long term histopathology of IRE ablated tissue, and discuss the clinical implications of the findings. The study consists of: a) designing an IRE ablation protocol through a mathematical analysis of the electrical field during electroporation; b) using ultrasound to position the electroporation electrodes in the predetermined locations and subsequently to monitor the process; c) applying the predetermined electrotroporation pulses; d) performing histolopathology on the treated samples for up to two weeks after the procedure; and e) correlating the mathematical analysis, ultrasound data, and histology. We observed that electroporation affects tissue in a way that can be imaged in real time with ultrasound, which should facilitate real time control of electroporation during clinical applications. We observed cell ablation to the margin of the treated lesion with several cells thickness resolution. There appears to be complete ablation to the margin of blood vessels without compromising the functionality of the blood vessels, which suggests that IRE is a promising method for treatment of tumors near blood vessels (a significant challenge with current ablation methods). Consistent with the mechanism of action of IRE on the cell membrane only, we show that the structure of bile ducts, blood vessels, and connective tissues remains intact with IRE. We report extremely rapid resolution of lesions, within two weeks, which is consistent with retention of vasculature. We also document tentative evidence for an immunological response to the ablated tissue. Last, we show that mathematical predictions with the Laplace equation can be used in treatment planning.
Introduction
There are many medical procedures, in which it is important to be able to ablate undesirable tissue in a controlled and focused way without affecting the surrounding tissue. Several minimally invasive techniques, such as radiofrequency ablation [e.g., (1, 2)], cryosurgery [e.g., (3, 4) ], focused ultrasound [e.g., (5, 6)], thermal electrical heating [e.g., (7)], have been developed for this purpose; each with advantages and disadvantages. In this paper we introduce and characterize a new tissue ablation technique, irreversible electroporation (IRE).
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Electroporation is the phenomenon associated with an increase in cell membrane permeability when microseconds to millisecond electrical fields are applied across the cell. It was reported first in the early seventies (8) (9) (10) (11) . The increase in membrane permeability is associated, presumable, with the formation of nanoscale defects, or pores, in the cell membrane (12). This has led to the naming of the process "electroporation". Electrical fields that cause electroporation, in which defects do not reseal, are known to cause "irreversible electroporation". Irreversible electroporation results in eventual cell death due to loss of the cell's homeostatic mechanisms. The membrane ability to reseal after the application of certain electrical pulses was discovered in the late seventies (13, 14) . Electrical fields that cause electroporation, in which defects reseal, are known to cause "reversible electroporation". Reversible electroporation is commonly used for gene transfection in cells since the early eighties (15). Currently, reversible electroporation has important applications in tissue as a method for gene insertion in cells (electrogenetherapy) (16) and for the introduction of potent but normally impermeable anti-cancer drugs such as bleomycin in cells to ablate tissue (electrochemotherapy) (17). These procedures are accomplished by injecting drugs or macromolecules into a targeted area of tissue. Electrodes are placed in tissue to generate a reversible permeabilizing electric field, thereby introducing the drugs or macromolecules into the cells of the affected area. In the above applications the electroporation has to be reversible and irreversible electroporation (IRE) is consciously avoided. Therefore, the electrical parameters that induce irreversible electroporation where studied only as an upper limit to the range of electrical parameters that induce reversible electroporation. Irreversible electroporation, however, has been studied extensively in in vitro cellular systems. For instance IRE is an effective means for killing both gram negative and positive bacteria responsible for water contamination (18).
When our group began developing the use of IRE in tissue we thought that it could be used for surgical tissue ablation without the inherent limitations of chemotherapeutic injection or the narrow window of parameters associated with reversible electroporation. We also speculated that IRE has advantages over the currently used thermal ablation methods. However, IRE employs larger electrical fields and is applied longer than reversible electroporation. Therefore, we were concerned that the Joule heating effect of IRE may cause thermal ablation and IRE may not exist as a substantial ablation modality. In our first published study on IRE in tissue, we addressed this issue and demonstrated through analysis that IRE can ablate substantial amounts of tissue in a domain of electrical fields that do not cause thermal damage and it is a real ablation modality (19). This was followed by an acute study in a rat animal model showing that substantial amounts of tissue can be ablated with IRE without thermal effects and that the extent of tissue ablation is predictable with mathematical analysis (20) . An in vitro study with liver cancer cells demonstrated that IRE has the ability to completely ablate cancer cells in the non-thermal regime (21). It should be noted that the electrical parameters that affect the local outcome of electroporation are the local magnitude of the electrical field applied during an electroporation pulse, the length of each pulse, the number of pulses that are applied, and the distance between pulses. At times, in a particular electroporation protocol several different electrical pulse field magnitudes and pulse lengths are used. In conventional reversible electroporation it has become traditional to use eight pulses of 100 microsecond separated by one hundred millisecond intervals. For these parameters it was found that irreversible electroporation in the liver occurs when the electrical field exceeds about 500 to 600 V/cm (19, 20) . However, our recent study (21) has shown that to treat tumors different electroporation parameters may be needed, such as a longer total duration of of the application of the electroporation electrical field.
The primary goal of this study is to verify the feasibility of the IRE methodology developed in our rodent model (20) in a large animal model, in anticipation that this methodology will be used in clinical implementation of the IRE tissue ablation technique. The second goal is to present first experience results on the long term effects of IRE on tissue. The IRE tissue ablation methodology developed in (20) follows these steps. First, we identify the tissue to be ablated and develop an optimal ablation protocol through mathematical modeling. In this part of the work we take advantage of the fact that the electrical field during electroporation can be calculated from knowledge of the placement of the electroporation electrodes and the electroporation voltage applied on these electrodes through the solution of the Laplace equation [e.g., (22, 19) ]. In the liver the analysis is simplified by the isotropic properties of the tissue. Furthermore, because the electrical pulses are so short relative to physiological phenomena it is possible to ignore the effects of blood flow -in contrast to thermal modeling of tissue ablation (23). Since reversible electroporation viewed IRE as the upper limit there is information available on the electrical field that separates between the reversible electroporation field and the irreversible electroporation field [e.g., (22, 19) ]. This information and the mathematical model can be used to completely characterize the effects of IRE in tissue [(24) . The IRE protocol design methodology will be further elaborated in the Materials and Method section.] Following analysis, the electroporation electrodes are placed in tissue at the predetermined location with medical imaging, ultrasound in this study. Then, the electroporation pulses are applied according to the design protocol. In this study, because of the availability of ultrasound we decided to monitor the treated tissue, with surprising results. The methodology is analyzed by correlating the mathematical predictions with the ultrasound data and histology. The second goal of the study is accomplished by long term follow-up of irreversible electroporation with histopathology. The discussion is focused on the clinical significance of our findings.
Materials and Methods

Analysis-Electric Field Simulation
For treatment planning and analysis of the results, we evaluated the electric field distribution resulting from the electroporation pulse by solving for the electric potential (φ) that satisfies the Laplace equation:
This was performed with a commercial finite element package (FEMLab, Comsol AS, Stockholm, Sweden). The liver was modeled as a cylindrically symmetric disk of a diameter substantially larger than the distance between the electrodes and infinite in the axial direction of the electrodes. This simulation ignores the edge effects. As in the experiments the potential of one electrode was taken to be the voltage in that experiment and other electrode was taken to be grounded. The remaining surfaces were treated as electrically insulating. The assumed uniform and isotropic electrical conductivity, is a good first order approximation for isotropic and homogeneous tissue, such as liver, and has led to a solution that is independent on the actual value of conductivity. [When this methodology is used with anisotropic or inhomogeneous tissue the real properties of tissues will need to be incorporated in the model. Extensive data on electrical properties of tissues is available in several publications, e.g., (25) (26) (27) ]. The result of these simulations in combination with physiological data from (19) was then used to determine inter-electrode distances and voltages to be tested for the desired IRE tissue ablation protocol. Figures 
Experiment
Fourteen female pigs (40 to 60 kg) were obtained from an approved vendor and placed in a one week quarantine prior to the experiments. This study was conducted in accordance with Good Laboratory Practice regulations as set forth by the 21 Code of Federal Regulations (CFR) Part 58. Each procedure started with anesthetization of the animal under general anesthesia per SOP #33156. In addition pancuronium (0.1 mg/kg, at a dose of 1 mg/ml) was administered through an IV prior to the procedure, to reduce muscle contractions during the application of the electrical pulses. Pancuronium (0.05 mg/ml at 1 mg/ml) was administered throughout the procedure as needed. The liver was exposed via a midline incision (see Fig. 1C ). IRE was performed using 18 gauge stainless steel electrodes (Oncobionic Inc., USA) with a sliding insulating sheath exposing 1 cm of electrode. The electrodes were inserted in the liver under ultrasound monitoring in configurations of either two or four electrodes in a roughly axial parallel configuration. Figure 1D illustrates the insertion of the four needle electrodes using an insertion template. Square DC pulses were applied to the liver through the electrodes using a DC pulse generator (IGEA Co., Italy). The pulse was delivered in a bipolar manner between two electrodes. Lesions made using the four electrode configurations had overlapping lesions created by activating the electrodes in different bipolar configurations between the four electrodes. The parameters that were varied in this study were the voltage, the distance between the electrodes, and the number of pulses. The number of pulses varied between two and eight, 100 microsecond pulses. Between four and twelve lesions were produced in the liver of each animal. This was a first experiment large animal study and, therefore, we pursued several different goals, such as testing the effects of various electroporation parameters, pre-clinical practice, and safety. Here, we will bring only results relevant to the goals discussed in this study, which are the testing of the IRE ablation methodology and long term histopathology. In the particular experiments that we focus in this report the IRE pulse parameters are bipolar electroporation 2.5 kV pulse applied in a train of eight 100 microsecond pulses separated by 100 milliseconds. We chose to present results from these parameters because the sequence of eight 100 microsecond pulses separated by 100 milliseconds is conventionally used in reversible data and previous information is available for the electrical field magnitude that separates between reversible and irreversible electroporation [e.g., (19, 22) ]. The choice of 2.5 kV came from the analysis and was determined for a desired size of tissue ablation. For the results presented in Figures 1 to 6 we used four stainless steel electrodes 18 gage electrodes, 1.5 cm distance between probes, and 1 cm of electrode exposed. The power delivered during each pulse is 1.2 J per cm depth of electrode. The pulses were delivered sequentially between each adjacent pair of electrodes. For the results of Figure  6 (right side) we used the same electrical pulse parameters, but between two electrodes separated by 2.5 cm. The distances of 1.5 cm and 2.5 cm where chosen from the analysis to obtain the desired extent of tissue ablation.
Animals were sacrificed at 24 hrs, 3 days, 7 days, and 14 days. Ultrasounds were obtained directly on the liver immediately after the lesion was made and before each animal was sacrificed. Ultrasound was used to determine if IRE and the effects of IRE can be monitored with medical imaging. invasive focal tissue ablation and we thought that if found to exist in electroporation it could have value.
Medical imaging is an important component of minimally
To fix the liver in its current state for microscopic viewing, a Foley catheter was placed into each branch of the portal vein and hepatic veins and the liver was flushed with physiological saline for ten minutes at a hydrostatic pressure of 80 mmHg from a pressurized IV drip. Immediately following saline perfusion, a 5 % formaldehyde fixative was perfused in the same way for ten minutes. The liver lobe in which the IRE lesion was made, was then removed and stored in the same formaldehyde solution. For macroscopic analysis the tissue was bread loafed perpendicular to capsule surface and parallel to the needle tracts. All cassettes were processed routinely from 10% Phosphate Buffered Formalin to wax blocks. Five micrometer sections were made from each block and stained with Hematoxylin and Eosin for histologic examination. Some cassettes were also stained with Von Kossa stain for calcium detection. The goal of the histopathology was to verify the extent and the nature of tissue ablation with IRE; in particular, in relation to the margins of the treated zone, blood vessels and other vascular structures, and the long term resolution of the lesions.
Results
Thirty five lesions were produced in the liver of 14 pigs with a variety of electrode combinations and electrical pulse parameters. This was a first experiment large animal study and, therefore, we pursued several different goals, such as testing the effects of various electroporation parameters, pre-clinical practice, and safety. The feature we want to mention concerning all the animals is that they all survived the procedure. It is worth noticing that upon application of the IRE pulse a variable degree of generalized muscle contraction occurred in each animal, from no contraction to mild to moderate contraction. The degree of contraction appeared to be related to the level of anesthesia of the animal the degree of muscle blocking agents given, if any, and the voltage of the pulse used. In general we found that when Pancuronium was administered to the pig at the doses reported earlier the contractions were manageable even when a maximal voltage of 3kV was applied to the electrodes. It appears that voltages lower than 1.5 kV produced little to no contraction in anesthetized animals.
Here, we will bring only results relevant to the goals discussed in this study which are the testing of the IRE ablation methodology and long term histopathology. The parameters of electroporation discussed here are the sequence of eight 100 microsecond pulses with intervals of 100 microseconds for which the margins of IRE tissue ablation are the field magnitude isolines of 600 V/cm. The results presented here are typical to all the experiments performed with these experimental parameters, which produced consistent results in all the tested animals, with at least one such experiment in each animal. We begin with typical results from the four electrode experiments. Figure 1 illustrates the design and performance of an IRE ablation protocol. IRE begins with treatment planning. In treatment planning we obtain first electrical properties of the treated tissue and use this to solve the Laplace equation for a particular location of electrodes and a particular electroporation pulse. Figures 1A and 1B illustrate calculated lines of constant magnitude electrical fields around the electrodes. Figure 1A shows the predicted field magnitude (V/cm) isolines obtained by applying electrical pulses between one pair of electrodes. Figure 1B shows the isolines after superposition of the four combinations of electrode pair application. They show lines of constant electrical field magnitude given in values of V/cm in increments of 100 V/cm. The outer isoline is 600 V/cm, found to cause liver ablation with an eight pulse electroporation sequence (28). Since this is the lowest magnitude electrical field that produces IRE, this outer isoline is the predicted outer border of the ablated zone. Figures 1C and 1 D illustrate the surgical methodology as well as the way that an array of four electrodes was introduced in tissue.
Figure 2 illustrates observations made with ultrasound (US).
In Figure 2A axial ultrasound shows four bright hyperechoic dots representing the four needle tracks. Most interesting was the discovery that immediately following pulse application ultrasound showed a markedly hypoechoic lesion in the expected location of the IRE lesion [Figs. 2B (axial) and 2C (sagital)]. At 24 hours the ultrasound image showed the hyperechoic lesion had changed character and was now uniformly hyperechoic. Figure 2D is the sagital view after 24 hours that corresponds to Figure 2C . Figures 3 and 4 show typical histology, 24 hours after IRE ablation. Figure 3 compares a macroscopic gross section (Fig. 3A) , an H&E stained section (Fig. 3B) , and a Van Kossa stained section (Fig. 3C) . Figure 4 shows the microscopic appearance of the ablated tissue at different locations and magnifications. The gross lesion appears hemorrhagic. Histology shows the ablated area with diffuse necrotic hepatic parenchyma and no obvious viable tissue within the ablated zone. Needle tracts form 1-2 mm holes filled with blood and fibrin. The ablated zone is well demarcated and non-encapsulated from the immediately adjacent unaffected hepatic parenchyma with an abrupt transition between necrotic hepatic parenchyma in the ablation area and adjacent normal hepatic parenchyma. The central region of the treated area has coagulation necrosis of hepatocytes. The hepatocytes have hypereosinophilic cytoplasm and pyknotic to karyolitic nuclei and in some areas contain basophilic granular intracytoplasmic material (calcification) and loss of cellular detail. Sinusoids in this area had congestion admixed with fibrin and small to moderate numbers of inflammatory cells (neutrophils and eosinophils). Within the lesion, portal vessels and bile ducts had variable signs of wall necrosis but appeared structurally intact. Many larger bile ducts were intact. Necrotic vessels in the ablated area had variable loss of endothelium and are surrounded by scattered red blood cells (hemorrhage), neurophils, and eosinophils and edematous stroma. In some areas the vessel walls are hypereosinophilic and homogenous consistent with fibrinoid necrosis. Occasional affected vessels have organized intraluminal fibrin thrombi. Moderate mixed inflammatory cells and edema are present in portal stroma and adjacent to affected portal vessels with extension into perilobular stromal connective tissue. The peripheral region of the ablated zone has similar necrotic lobules as described more centrally. In some areas, necrotic hepatocytes had intracytoplasmic basophilic granular material consistent with dystrophic calcification. This is most prominent at the margin of the ablated area with some cells completely replaced by calcification. The region outside the ablated zone is unremarkable except for occasional portal zones showing occasional lymphocytic infiltrates. The margin of the ablated area has increased inflammatory cells characterized predominantly by moderate to large numbers of neutrophils and lesser numbers of eosinophils, lymphocytes and macrophages. Outer isoline is for 600 V/Cm and each increment is 100 V/Cm. Middle is gross histology of the ablated area 24 hours past ablation. Bottom is ultrasound images. The first column deal with the four electroporation probes case. For scale comparison use the distance between the electroporation probes, which is 1.5 cm. The right part of the figure deals with a two needle electroporation case in which the needles are separated by 2.5 cm. The pulse parameters are the same as in the left hand case. Here the ultrasound images show: left ultrasound immediately after electroporation and right ultrasound immediately prior to necropsies. For scale compare the distance between electrodes which is 2.5 cm.
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red blood cells, eosinophils, neutrophils, and macrophages. Paracortical regions are expanded by increased lymphocytes. Occasional lymphoid follicles have reactive germinal centers. This is surrounded by fibrosis admixed with macrophages and lymphocytes. Within this particular lymph node, there is a well demarcated chronic, eosinophilic granuloma measuring approximately 0.5mm in diameter surrounding a mineralized core. The origin of the mineralization is unknown, but is compatible with a necrotic parasite reaction. In this liver sample, eosinophils were also part of the inflammation. These are usually associated with parasitic infections and dermatologic disorders and the mineralization may explain the eosinophils in this animal series. We observed substantially enlarged lymph nodes in all our animal experiments. Therefore, it is possible that the eosinophils are mediated by unknown immunogenic factors related to the IRE treatment. Nevertheless, because of the results in this animal we cannot determine the cause with certainty.
Day 3, post treatment affected area is continuous with a central hemorrhagic, necrotic zone and variable loss of hepatic architecture. The continuous area is irregularly demarcated and non-encapsulated from adjacent unaffected hepatic parenchyma. Within the deep part of the ablated area and at one lateral margin there are two large veins. The ablation changes extend up to the vessels. Vessels are patent, surrounded by stromal edema and have variable necrosis of endothelial cells lining the intima. The central hemorrhagic regions has diffusely necrotic lobules with marked congestion (hemorrhage), fibrin, and variable loss of hepatocyte cellular architecture. There are also multifocal chords of necrotic hepatocytes with diffuse replacement by basophilic material (calcium). The more peripheral affected regions consist of lobules with increased cellularity and loss of sinusoidal architecture (regenerative nodules). The regenerative nodules replace lobules that were overall necrotic at day 1, post treatment. Cells within these lobules are pleomorphic (spindle to oval to polygonal) and are consistent with regenerative hepatocytes that are extending from the lobule/stroma margin admixed with mixed inflammatory cells. The interlobular stroma has marked increase in fibrosis with marked bile duct proliferation throughout. Bile ducts are irregular and occasional mitotic figures are present. Most ducts contain intraluminal neutrophils, eosinophils, and necrotic cellular debris. The stroma contains proliferative fibroblasts, increased small veins and capillaries, and mixed inflammation consisting of macrophages, lymphocytes, eosinophils, and neutrophils. The regions outside the ablated area have multifocal portal areas with small numbers of lymphocytic infiltrates but are otherwise unremarkable. Eosinophils are part of the overall inflammation. These are usually associated with parasitic infections and dermatologic disorders. It is also possible that they may be mediated by unknown factors related to IRE ablation. The lymph node shows medullary sinuses expanded by eosinophils, neutrophils, lymphocytes, macrophages, and lesser numbers of scattered red blood cells. Paracortical regions are expanded by increased lymphocytes. Occasional lymphoid follicles have reactive germinal centers.
At seven days post treatment, the affected area is continuous with similar changes throughout. The ablated area is irregularly demarcated and non-encapsulated from the immediately adjacent unaffected hepatic parenchyma. The lateral margins of the affected area taper inward (affected area is contracted) as expected with increased fibrosis (scarring). Hepatic lobules have been replaced by regenerative hepatic nodules that are undergoing hepatic vacuolar degeneration. Nodules are variable in size surrounded by dense fibrous stroma. Nodules consist of diffuse hepatocytes with no sinusoidal architecture. Hepatocytes are swollen, have increased clear to granular cytoplasm and pyknotic nuclei (vacuolar degeneration). The stroma contains increased bile ducts that are overall intact and unremarkable (less proliferative than at three days post treatment). It also contains increased small to medium size veins and capillaries (compared to three days post treatment). The stroma shows proliferative fibroblasts and mixed inflammation consisting of macrophages, and lymphocytes. A large vein runs through much of the ablated area. This vein has variably necrotic endothelium with some sloughing of endothelial cells. The lumen is patent. Ablated area extended to vessel wall. The regions outside the ablated area have multifocal portal areas with small numbers of lymphocytic infiltrates but are other wise unremarkable. The lymph node shows medullary sinuses that are expanded by eosinophils, neutrophils, lymphocytes, macrophages, and lesser numbers of scattered red blood cells. Paracortical regions are expanded by increased lymphocytes. Multifocal lymphoid follicles have reactive germinal centers.
By 14 days the ablated lesions are difficult to identify. The affected area is almost completely replaced by fibrous scar tissue. Scattered throughout the fibrous stroma are many profiles of bile ducts as well as many variably sized vessels consisting predominently of veins and capillaries. The stroma in the affected area contains moderate aggregates and scattered inflammatory cells consisting of lymphocytes, plasma cells, and macrophages admixed in some areas with red blood cells. Rare individual and aggregates of viable hepatocytes are present within the fibrous stroma (in most areas close to the margin of viable hepatic lobules). The stroma also contains scattered individual and aggregates of swollen vacuolated cells with pyknotic nuclei (hydropic degeneration) consistent with hepatocytes seen in regenerative nodules at seven days post treatment. It was felt by our pathologist that this was part of the regenerative process, but the possibility that these were untreated viable heptocytes could not be ruled out. The adjacent viable hepatic lobules had peri-lobular fibrosis and mild to moderate chronic peri-portal inflammatory infiltrates.
Focal areas of mineralization were identified throughout the scar and were consistent with dystrophic calcification or osseous metaplasia. The periportal lymph nodes were again enlarged with similar features to those at seven days; however, germinal centers contained greater numbers of macrophages consistent with a chronic lymphoid reactivity. Figure 6 illustrates the correlation between mathematical predictions, histology and ultrasound. The left hand side photographic images in Figure 6 show the calculated ablation region from treatment planning, gross histology of the treated tissue 24 hours after the IRE ablation, and the ultrasound image immediately after the IRE pulse. When viewing the mathematical analysis, the 600 V/cm isoline should be considered as the margin of the predicted area of tissue ablation for the particular electroporation protocol tested here. In histology, the margin of the dark area is the outer surface of the ablated region, from microscopic histopathology. For scale comparison, the distance between the electrodes is 1.5 cm. To further expand on the ability of mathematical modeling to predict ablation and ultrasound to monitor we show results of an experiment that produced a non-continuous lesion, by design. The IRE pulse sequence was similar to that in Figures 2 to 5; however, we applied pulses to only two electrodes and they were separated by 2.5 cm, rather than 1.5 cm as in the previous series. The right hand side photographs of Figure 6 show the predictive extent of ablation as the outer isolines, the gross histology of the ablated region 24 hours after the ablation, the ultrasound image immediately after the application of the IRE pulse and the ultrasound image 24 hours after the application of the pulse, respectively. As in the previous case, the 600 V/cm isoline should be considered as the margin of the predicted area of tissue ablation for the particular electroporation protocol tested here. In histology, the margin of the dark area is the outer surface of the ablated region, from microscopic histopathology.
Discussion
IRE treatment planning is simple. First, the area to be ablated is identified and the tissue electrical properties obtained. In our analysis we were aided by the fact that the liver is homogenous and isotropic. For more complex tissues and heterogeneous tissues there is substantial information on electrical properties of tissue, e.g., (25) (26) (27) . Then the details of the minimal values of the electrical field that produces IRE for a particular pulse sequence is obtained. Since this data is mostly available for pulse sequences used in reversible electroporation an important area of research in IRE is determining correlations between various pulse sequences and the electrical fields that induce IRE. A typical first such study is in (21). Then, the electrical field is calculated from the Laplace equation and the results displayed in terms of constant isolines of electrical field magnitude. The experimental data on the electrical field magnitude causing IRE tissue ablation for a particular train of electrical pulses is used to trace the outer outline of the predicted zone of tissue ablation. Parametric studies with various electroporation protocols and placements of electrodes can be made until a protocol is found in which IRE ablates completely the undesirable tissue. The methodology is illustrated in Figures 1 and 6 and was consistently reproduced in all our experiments. It should be noted that in IRE the mechanism of damage is not thermal and, therefore, the complex thermal effects of blood flow, which affect thermal treatment ablation planning, are irrelevant (29). The pulses are so short relative to physiological processes that transient changes in the body physiology can be ignored. In clinical implementation, the simplicity of IRE treatment planning could add a great degree of procedure reproducibility. It also allows the feasibility testing of various electrode arrangements, configurations and electrical parameters, without having to do extensive animal testing in order to discard clearly unsatisfactory parameters. It is interesting to notice in the results that IRE ablation has a pattern that is different from other ablation techniques such as RF or cryosurgery. In the later, the process of tissue ablation radiates from the RF or cryosurgery probe outward and is not bounded. In contrast, in IRE the area of ablation is roughly confined between electroporation electrodes (Fig. 1) . The clinical significance of this is that in treating an area with IRE the procedure will most likely require placing the electrodes around the area to be treated and not in the center of the area to be treated as in RF and cryosurgery.
Histology shows that the IRE ablated area is continuously necrotic, with an abrupt transition, several cell layers thick, between treated necrotic hepatic parenchyma and the adjacent untreated normal hepatic parenchyma. Larger vascular structures are mainly intact (Figs. 2 to 5) . A unique aspect of IRE is the mechanisms of cell ablation. In IRE when cells are exposed to a pulsed electrical field with the proper parameters, irreversible nano-scale defects are created in the cell membrane and the cell loses its homeostatic mechanisms. However, IRE does not affect connective structures, or denatures molecules, and collagen. This selective targeting of the cell membrane by IRE has important clinical implications. Since IRE affects only cell membranes injuries to tissue scaffold are eliminated. Our pathology demonstrated intact bile ducts within the lesions. If successfully translated into clinical practice this could have major implications by markedly decreasing the incidence of biliary complications associated with hepatic tumor ablations. Other organs could also benefit from this property of IRE. In the prostate this could translate into significantly less chance of urethral damage and in the kidney less chance for damage to the collecting system. IRE could also be promising for treatment of pancreatic cancer by producing no effects on the structures surrounding the pancreas. Preservation of vasculature in an IRE lesion also has important clinical implications. Due to this, intact vasculature lesions can heal throughout their volume simultaneously with amazing rapidity. Our experiments show almost complete lesion resolution in two weeks time. It would be expected that tumors with significant vascularity such as renal, breast, prostate, and hepatomas might have very rapid resolution, while avascular tumors such as colon metastases might resolve in longer periods of time. Rapid lesion resolution beyond making treatment efficacy easier to assess has significant clinical implications in situations where rapid decrease in the volume of the ablated zone is desirable such as the prostate, benign fibroadenomas of the breast, and myomas of the uterus.
Rapid resolution of lesions without protein denaturation results in another unexpected pathologic finding related to an immunologic reaction in the lymph nodes draining the area of the ablation. All animals showed an obvious peripheral lymphadenpathy in the drainage area of the ablated tissue with microscopic evidence for associated inflammatory response. If an IRE treated tumor specific reaction in draining lymph nodes can be harnessed it could have implications for tumors that are known to spread via draining lymph nodes such as breast and prostate cancer. Such a reaction in lymph nodes draining an area of cancer could result in destruction of micro-metastasis in the effected lymph nodes, which could significantly effect survival in melanomas, colon cancer metastatic to liver, breast cancer, and prostate cancer, to name a few.
The finding that IRE produces a lesion within liver with uniform necrosis throughout and to the very margins of the lesion and with a very narrow zone of transition from complete necrosis to normal liver is consistent with the selective mechanism of ablation of IRE and should provide accuracy in clinical tissue ablation.
IRE lesions show complete destruction of tissue extending directly up to the vessel wall without sparing of tissue adjacent to the vessel. In addition, this was accomplished without vessel destruction or occlusion. This has major implications, in the liver, where local recurrences near vessels have been an ongoing clinical limitation of thermal ablation and to other tumor situations such as in centrally located kidney lesions where major vascular structures have also been problematic in producing a reliable ablation.
Perhaps one of the most important aspects of minimally invasive tissue ablation is the use of intraoperative imaging to control the ablation. Imaging monitored minimally invasive surgery was first introduced in the early eighties, e.g., (30) (31) (32) (33) and is making now a major contribution to the care of oncology patients (34). Here we discovered that the ablated zone following electroporation is immediately visible with US.
The IRE lesions appear as well defined distinct hypo-echoic zone (Figs. 1, 6 ). Microscopic histology shows no findings indicative of cell damage immediately after IRE ablation, despite the fact that that treated hepatocytes had already their membrane permeability permanently altered. What changes are the cause of this immediate ultrasound appearance are therefore not known. Interestingly, by 24 hrs however the US appearance of the lesion had changed markedly to become hyperechoic (Figs. 1, 6 ). At 24 hours, vascular stasis could be seen within the sinusoids of the liver and unmistakable signs of cell death were evident with contraction of cells, pyknotic nuclei and the beginning of dystrophic calcification accumulation seen within the dead cells. Which of these pathologic findings accounts for this hyper-echogenic change seen on the US at 24 hours can only be speculated upon. The number of lesions created during this limited study was not large enough to generate accurate statistics on the degree of correlation between the immediate US appearance and the size of the pathologic lesion, the lesions did however, appear to correlate closely with the immediate US appearance. Due to the fact that IRE lesions have complete destruction up to the lesion margins, confirmation of the fact that the US appearance correlates closely to lesion size, has major clinical implications. We realize that this visualization has only been demonstrated in normal liver with US. Additional studies of other tissues and imaging modalities such as CT and MRI may provide important information.
The speed of IRE is impressive with ablation occurring in micro to milliseconds. The time to complete an IRE procedure is determined by the time needed to place the ablation probes. We carried out ablation in a bipolar fashion with two 18 gauge needles. IRE, however, is a flexible technology allowing active and ground electrodes to be placed on a single probe, a monopolar arrangement with a distant grounding pad. Little capability would be lost by going to an even smaller 20 or 22 gauge needle.
IRE involves the application of high voltage electrical pulses. While the amplitude of the pulses is very high and can reach up to 3 kV in our experiments, the power associated with the delivery of these pulses is low (in the single to low tens Joule range), because of the short time of delivery of these pulses. One obvious effect of the high voltages is the muscle contraction, which we have observed and reported in this paper. We believe that this will be an important issue in the clinical application of IRE. While the use of pancuronium provided an acceptable method for handling this problem, muscle contraction remains an important clinical concern, in particular when high voltages are used for IRE. We anticipate that because of these contractions the use of IRE may not be considered in simple applications for which alternative procedures with mild anesthesia are available, such as cosmetic surgery, for instance. The high voltages require ad-ditional clinical considerations. When applied they require synchronization with the cardiac rhythm. Preliminary safety tests in which these pulses were applied directly to parts of the liver adjacent to the GI tract or the heart caused no damage to these tissues, presumable because of the low power delivered with these pulses and because the high electrical fields are confined by the electroporation electrodes.
This report has focused only on the methodology and the feasibility of the IRE technique. Additional experiments, not discussed here, have shown that with the configuration described in this paper we successfully produced lesions of 3 cm diameter cross section with two parallel needle configurations and 4 cm diameter lesion cross sections with three parallel needles configuration. It should be also emphasized that when placing the needles in parallel, the length of the lesion is prescribed by the length of the non-insulated part of the needle. One to four centimeter long lesions were produced in the various configurations, as a function of the length of the exposed needles. The experiments reported here described results obtained with a series of eight electroporation pulses, which is a value derived from reversible electroporation applications. However, we have found that increasing the number of pulses substantially increases the extent of the ablated lesion, for the same placement of the electrodes and electroporation voltages. The size of the lesions mentioned above where obtained with pulse sequences of up to 100 pulses. In applying this larger number of pulses care was taken not to induce a thermal effect, and, therefore, we can attribute the observed effect to the IRE process. Therefore, in designing IRE protocols it is important to realize that IRE has multiple parameters that can be manipulated to optimize cell death including, pulse shape, duration, number polarity, electrode configuration, and geometry. IRE experimental data on electrical parameters effect on various types of tissue is not yet widely available and additional research needs to be done. Typical methods for producing data involve correlating cell viability to the electrical field parameters in tissues in vivo, e.g., (19, 28, 35) and studies on cells in vitro, e.g., (21) . Much work remains to be carried out in determining what approach is best for creating the desired ablation (21).
When considered as a whole, the data now available suggests that the advantages of IRE ablation are significant. Improved procedure planning, monitoring, and lesion resolution could have a significant impact on the field of tumor ablation. The improved safety profile should facilitate physician acceptance and the possibility of harnessing a positive immunologic reaction offers numerous research and development opportunities.
